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Introduction
Liver plays a pivotal role in maintenance of lipid homeostasis. Accumulation of lipids in liver tissue leads to nonalcoholic fatty liver diseases (NAFLD) (Clark et al., 2002) . NAFLD affects 45% of the general population in the USA, with a prevalence of 60-95% in obese patients (Mazza et al., 2012) .
The spectrum of NAFLD ranges from simple nonprogressive steatosis to progressive nonalcoholic steatohepatitis (NASH) that results in cirrhosis and hepatocellular carcinoma in liver. Hepatocyte lipotoxicity is a key histological feature of NAFLD and is correlated with progressive inflammation and fibrosis (Neuschwander-Tetri, 2010) . The hallmark feature of NAFLD is the accumulation of fat in the form of neutral lipid droplets in hepatocytes (Tiniakos et al., 2010) . To date, caloric restriction and aerobic exercise are the effective treatments of NAFLD, but they are difficult to achieve for most NAFLD patients. The most promising pharmacological treatment of NAFLD is peroxisome proliferator-activated receptor γ (PPARγ) agonist that decreases lipid accumulation and attenuates inflammatory response in hepatocytes (Ahmed and Byrne, 2007) . The results suggest that lowering hepatic lipid levels is a key factor in successful NAFLD therapy. Recently, sterol regulatory element-binding protein-1c (SREBP-1c), has been highly evaluated as a potential target for the treatment of NAFLD, based on its advances to control lipogenic gene expression and regulate fatty acid and triglyceride homeostasis (Ahmed and Byrne, 2007; Goldstein et al., 2006; Horton et al., 2003) . Its role in de novo lipogenesis and NAFLD pathogenesis is fully justified (Chen et al., 2004; Grefhorst et al., 2002) . Thus, inhibition of hepatic SREBP-1c signaling pathway could improve dyslipidemia and NAFLD.
Oxysterols can act at multiple points in cholesterol homeostasis and lipid metabolism (Gill et al., 2008; Javitt, 2008; van Reyk et al., 2006) . Liver oxysterol receptor, LXR, is an oxysterol-regulated MOL #81505
Page 6 transcription factor in lipid metabolism (Cha and Repa, 2007; Chen et al., 2004) . Activation of LXR limits cholesterol synthesis through degradation of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) and stimulates cholesterol efflux and clearance through ABCA1 and ABCG5/8. However, activation of LXR upregulates the expression of SREBP-1c, which in turn regulates at least 32 genes involved in lipid biosynthesis and transport (Horton et al., 2002) . Therefore, modulation of LXR activation by synthetic ligands could have a profound effect on serum cholesterol levels, but its inappropriate activation of SREBP-1c could lead to hepatic steatosis and hypertriglyceridemia due to the elevated fatty acid and triglyceride synthesis (Grefhorst et al., 2002) . Hepatocytes have a limited capacity to store fatty acids in the form of triglycerides, and once overwhelmed, cell damage occurs (Reddy and Rao, 2006) .
We have identified an endogenous sulfated oxysterol, 5-cholesten-3β,25-diol 3-sulfate (25HC3S), which accumulates in hepatocyte nuclei after overexpression of mitochondrial cholesterol delivery protein, StarD1 . 25HC3S is synthesized from 25-hydroxycholesrol (25HC) by sulfotransferase 2B1b, SULT2B1b, via oxysterol sulfation Fuda et al., 2007; Javitt et al., 2001 ). Overexpression of SULT2B1b inactivates the response of LXRα triggered by oxysterol and inhibits the expression of LXR target genes including SREBP-1c and ABCA1. The oxysterol sulfation was believed as an inactivation process (Chen et al., 2007) . However, overexpression of SULT2B1b or addition of the sulfation product, 25HC3S, into cells decreases both SREBP-1c expression and processing, and suppresses the expression of key enzymes involved in lipid metabolism including acetyl-CoA carboxylase-1 (ACC-1) and fatty acid synthase (FAS). Subsequently, it decreases intracellular neutral lipid and cholesterol accumulation (Bai et al., 2011; Ma et al., 2008; Ren et al., 2007; Xu et al., 2010) . These results indicate that oxysterol sulfation and its products may act as a MOL #81505 cholesterol satiety signal that suppresses fatty acid and triglyceride synthesis via inhibition of LXRα/SREBP-1c signaling pathway (Ma et al., 2008) . These findings have been further addressed in vivo by overexpression of SULT2B1b in C57BL/6 and LDLR(-/-) mice fed with high fat diet (HFD) or high cholesterol diet (HCD) (Bai et al., 2012) . In the presence of 25HC, overexpression of SULT2B1b significantly increases sulfated oxysterols, especially 25HC3S, and thus decreases nuclear LXRα levels and the expression of SREBP-1c, ACC1 and FAS. As a result, overexpression of SULT2B1b in mice reduces lipid levels in sera and lipid accumulation in liver tissues (Bai et al., 2012) . Furthermore, 25HC3S increases the expression of cytoplasmic IκBα levels in THP-1 microphages by activation of PPARγ. It reduces LPS-induced IκBα degradation, NFκB nuclear translocation, and the expression and release of TNFα and IL-1β. These results suggest that 25HC3S may act as an endogenous PPARγ ligand that suppresses inflammatory responses via PPARγ/IκB/NFκB signaling pathway. In contrast, 25HC acts in an opposite manner by inducing IκBα degradation and nuclear NFκB accumulations (Xu et al., 2010; Xu et al., 2012) . These findings indicate that oxysterol sulfation may also be involved in inflammatory responses and may represent a novel regulatory pathway between lipid homeostasis and inflammatory responses.
In the present study, we demonstrate that acute treatments with 25HC3S substantially decrease serum triglyceride and cholesterol levels, and long-term treatments decrease lipid levels in liver tissues in NAFLD mouse models. LXR/SREBP-1c signaling pathway as a potential molecular mechanism may be involved in 25HC3S administration. These findings provide strong evidence that the oxysterol sulfation product, 25HC3S, acts as a potent regulator involved in lipid metabolism.
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Materials and Methods
Chemical synthesis of 5-cholesten-3β, 25-diol 3-sulfate
A mixture of 25-hydroxycholesterol (6.5 mg, 0.016 mmol) and triethylamine-sulfur trioxide (3.5 mg, 0.019 mmol) was dissolved in dry pyridine (300 μl) and was stirred at room temperature for 2 hours.
The solvents were evaporated at 40°C under nitrogen stream, and the syrup was added into 100 ml of alkalined CH 3 OH, pH 8.0. After the pellets were dissolved completely, the products were filtered and purified by high-performance liquid chromatography (HPLC) using a C18 column with a gradient elution system. A binary system of solvent A (20% CH 3 CN in H 2 O, v/v) and solvent B (20% CH 3 CN in CH 3 OH, v/v) was used. It began at 50% A and 50% B with an initial flow rate of 1 ml/min for 10 min and increased to 100% B with an increased flow rate linearly to 2 ml/min over a 30 min period, followed by an additional isocratic period of 20 min. 25HC3S was obtained as its sodium salt (4.7mg, 57%) in white powder. The structure was characterized by mass spectrometry (MS) (Supplementary (Harney and Macrides, 2008; Ogawa et al., 2009) . 
Animal studies
HPLC analysis of serum lipoprotein profiles
The lipoproteins of triglyceride and cholesterol in very low density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-density lipoprotein (HDL) were measured by gel filtration using HPLC as previously described (Bai et al., 2012 
Histo-morphology analysis
Three specimens from different regions of the liver of each mouse were collected and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at room temperature overnight. The regions of the specimens were standardized for all mice. The paraffin-embedded tissue sections (4 μm) were stained with hematoxylin and eosin (H&E). 3-3'-Diaminobenzidine (DAB) was used as the chromogen, and hematoxylin was used as the nuclear counterstain.
Quantification of hepatic lipids
Liver tissues were homogenized, and the hepatic total lipids were extracted by a mixture of chloroform and methanol (2:1, v:v). After the extracts were filtered, 0.2 ml of each was evaporated to dryness and dissolved in 100 μl of isopropanol containing 10% of triton X-100 for cholesterol assay (Wako Chemicals USA, Richmond, VA), 100 μl of the NEFA solution (0.5 g of EDTA-Na 2 , 2 g of Triton X-100, 0.76 ml of 1N NaOH, and 0.5 g of sodium azide/l, pH 6.5) for free fatty acid assay (Wako Chemicals USA, Richmond, VA), or 100 μl of isopropanol only for triglyceride assay (Fisher Scientific, Pittsburgh, PA). All assays were performed according to the manufacturer's instructions, respectively.
Each lipid concentration was normalized by liver weight.
Western blot analysis of special protein in cytoplasmic and nuclear extraction
Liver tissues were homogenized, and cytoplasmic and nuclear fractions from liver tissues were extracted by NE-PER Nuclear and Cytoplasmic Extraction Kit (Fisher Scientific, Pittsburgh, PA). The level of MOL #81505 expression of ACC1 (Santa Cruz, sc-30212), FAS (Santa Cruz, sc-55580), SREBP-1 (Santa Cruz, sc-8984) and SREBP-2 (Santa Cruz, sc-5603) were detected by the specific antibodies. β-Actin was used as loading controls for cytoplasmic fractions and Lamin B1 was used as loading controls for nuclear fractions. Each positive band was quantified by Advanced Image Data Analyzer (Aida, Straubenhardt, Germany).
Quantitative real-time polymerase chain reaction (q-RT-PCR) analysis
The relative mRNA levels were measured by real-time reverse transcriptase polymerase chain reaction as previously described (Ren et al., 2004) . Briefly, total RNA was isolated with SV Total RNA Isolation Kit (Promega, Madison, WI) that included DNase treatment. 2 μg of total RNA was used in the first-strand cDNA synthesis as recommended by the manufacturer (Invitrogen, Carlsbad, CA). 
Real-time RT-PCR was performed using SYBR Green as an indicator in ABI 7500
Insulin sensitivity analysis
Glucose tolerance tests were performed by an intraperitoneal injection of D-glucose (Sigma-Aldrich Corporation, St. Louis, MD) at a dose of 2 g/kg of body weight after an overnight (12 hrs) fasting.
Insulin tolerance tests were performed by an intraperitoneal injection of insulin (Novolin R, Novo
Nordisk Inc., Princeton, NJ) at a dose of 0.5 U/kg of body weight after a 4 hrs fasting. Blood samples were collected via the tail vein, and plasma glucose was monitored by Precision Xtra Blood Glucose This article has not been copyedited and formatted. The final version may differ from this version.
Monitoring System (Abbott Diabetes Care Inc., Alameda, CA).
Analysis of hepatic oxysterols and oxysterol sulfates by HPLC
Mouse liver samples (400 mg) were digested by 2 mg/ml of proteinase K in PBS (1ml) at 50°C for 12
hours, and 40ml of chloroform:methanol (2:1, v:v) was added to the digests. The mixture was sonicated for 30 min and filtered to remove insoluble materials. Then, 6 ml of water with 100 μl of 1 M K 2 CO 3 was added into the mixture and shaken well before allowing it to stand for about 3 hours for phase separation.
The water/methanol phase that mainly contained sulfated oxysterols was evaporated under N 2 . The residues were re-suspended in 20% methanol by sonication and passed through a Sep-Pak tC18 cartridge (Waters, Milford, MA). After the cartridge was washed by 20% methanol for three times, the sulfated oxysterol fractions were eluted by 60% methanol and taken to dryness under N 2 stream below 40°C.
The extracts were then solvolyzed in a mixture of acetone (1 ml), methanol (9 ml), and conc. HCl (20 μl) at 39°C overnight. After the mixture was neutralized by 5% KOH in methanol, 30 μl of testosterone in chloroform solution (50 μg/ml) was added, and the whole mixture was evaporated to dryness. The residues were re-suspended in 8ml of hexane and loaded into a Waters Sep-Pak silica cartridge (400 mg) that had been pre-washed by 2% isopropanol in hexane. The purified oxysterols fractions were finally eluted by 8 ml of isopropanol:hexane (1:9, v/v) and evaporated under N 2 .
The chloroform phase that mainly contains non-sulfated oxysterols was added 30 μl of testosterone in chloroform solution (50 μg/ml) and evaporated under N 2 below 40°C. The residue was re-suspended in 8 ml of hexane and passed through a Waters Sep-Pak silica cartridge to purify the oxysterol fraction This article has not been copyedited and formatted. The final version may differ from this version. 
Results
25HC3S administration reduces serum lipid levels in mice fed a HFD.
25HC3S has been shown to reduce lipid accumulation in both primary hepatocytes and THP-1 macrophages (Ma et al., 2008; Ren et al., 2007; Xu et al., 2010) . To investigate the effects of 25HC3S on hyperlipidemia in vivo, 8-week-old C57BL/6J female mice were fed with HFD to establish a NAFLD model, and mice were fed with chow diet as a negative control. After 10 weeks of feeding, the mice were treated with 25HC3S or vehicle twice in 14 hrs and fasted overnight as acute treatments. Caloric intake and weight gain were similar in both treated groups. As expected, 10 weeks of feeding with HFD significantly elevated plasma TG, CHOL, and HDL-C by 1.4-fold, 1.9-fold and 1.8-fold, respectively. In HFD group, compared to the vehicle treatments, the acute treatments with 25HC3S
significantly decreased plasma TG, CHOL, and HDL-C by 40%, 15% and 20%, respectively ( Figure   1A -C). Plasma triglyceride level was reduced to the same level as in chow diet-fed healthy mice ( Figure 1A) . Liver function analysis showed that HFD raised serum ALT and AST levels, but there was no significant difference between 25HC3S-treated and vehicle-treated mice (data not shown),
indicating acute administration of 25HC3S had no effect on liver function.
The serum lipid profiles were further confirmed by HPLC analysis. Acute treatments with 25HC3S did not change LDL, VLDL, and HDL protein levels ( Figure 1D ) but markedly decreased triglyceride contents in VLDL fractions and slightly decreased cholesterol contents in HDL fractions ( Figure 1E-F) , that is consistent with enzymatic analysis (Figure 1A-C) . These results indicate that acute administration of 25HC3S significantly lowers serum lipid levels in the circulation in NAFLD mouse model.
This article has not been copyedited and formatted. The final version may differ from this version. 
Analysis of 25HC3S in liver tissues
To study the effects of 25HC3S on hepatic lipid metabolism in the mice fed with HFD, the concentration of 25HC3S in the liver tissues from treated mice was determined by HPLC analysis. The results indicated that acute treatments of 25HC3S significantly increased its accumulation in liver (Figure 2) .
It was observed that a small peak of 25HC presented in 25HC3S-treated mice liver (Figure 2 ), indicating that a small amount of 25HC3S was degraded to 25HC, where steroid sulfatase (STS) may be involved (Snyder et al., 2000) .
Hepatic mRNA expression in the 25HC3S-treated mice
To compare the regulation of lipogenic gene expression in response to acute treatments of 25HC3S in liver, we determined the mRNA expression by real time RT-PCR as shown in Table. 1. Acute treatments of 25HC3S significantly suppressed the expression of the genes involved in fatty acid biosynthesis. Compared to vehicle-treated mice liver, 25HC3S reduced the mRNA levels of SREBP-1c, ACC1 and FAS by 46%, 57%, and 49%, respectively, which were consistent with previous in vitro results Xu et al., 2010) . However, there was no significant difference on the mRNA levels of PPARα, CPT1, ACOX1, MCAD and SCAD between 25HC3S-and vehicle-treatment (Table. 1 significantly suppressed nuclear SREBP-1, cytoplasmic ACC1 and FAS protein levels by 74%, 58% and 47%, respectively (Figure 3) , which is consistent with mRNA levels as shown in (Table. 1). These results suggest that acute administration of 25HC3S suppresses lipogenesis by inhibition of SREBP-1c signaling pathway.
Effects of long-term treatments of 25HC3S on lipid homeostasis in HFD-fed mice
To study effects of long-term treatments of 25HC3S on lipid homeostasis, 8-week-old C57BL/6J female mice were fed with HFD for 10 weeks, and then, they were divided into two groups. One was treated with 25HC3S by peritoneal injection once every three days for 6 weeks, and the other one was treated with vehicle in the same conditions. During the treatments, the mice were continuously fed with HFD.
The body mass and caloric intakes were monitored every week. The body mass of 25HC3S-treated mice increases significantly slower than the control mice, but there is no significant difference in the caloric intake between these two groups ( Figure 4A-B) . After 6 weeks injection, the mice were fasted for 5 hrs before sacrifice. The average liver weight was significantly decreased in 25HC3S-treated group ( Figure 4C ).
As expected, 25HC3S significantly decreased plasma cholesterol level as compared to vehicle-treated mice, but surprisingly, 25HC3S did not significantly decrease plasma TG level (data not shown). The This article has not been copyedited and formatted. The final version may differ from this version. liver function analysis indicated that 25HC3S treatment significantly reduced serum ALK, ALT and AST levels ( Figure 4D-F) . These results indicate that 25HC3S treatment protects the liver from injury that may be through suppressing hepatic inflammation.
To study the effect of 25HC3S on hepatic lipid metabolism, we measured hepatic lipid level and gene expression. As expected, HFD feeding in mice significantly increased triglyceride, total cholesterol, free cholesterol, and free fatty acid levels in liver by 3-, 3.5-3.2-and 2.5-fold compared to chow diet feeding (p < 0.01). However, long-term treatments of 25HC3S significantly reduced these levels by 30%, 15%, 28% and 23%, respectively (Figure 5A-D) . It was noticed that cholesterol ester concentration was not affected by the administration of 25HC3S ( Figure 5E ). The decreases in lipid levels were further confirmed by morphological analysis (Figure 5F ). The liver from the mice fed with HFD was pale and was distended by large cytoplasmic lipid inclusions compared to the liver from the mice fed with chow diet, suggesting NAFLD model was successfully established following HFD feeding. Long-term treatments with 25HC3S significantly decreased lipid inclusions in hepatocytes.
Gene expression analysis showed that long-term treatments with 25HC3S significantly decreased mRNA levels of SREBP-1c, ACC1 and FAS by 23%, 41%, and 27%, respectively (Table 2) , which is consistent with the acute treatments ( Table. 1 
). More interestingly, long-term treatments with 25HC3S
significantly decreased the expression of the key enzymes involved in triglyceride synthesis, GPAM, by 21%, as well as lipid transfer protein, MTTP and PLTP by 23% and 39%, respectively. In addition, long-term treatments with 25HC3S decreased the expression of the genes involved in oxidized LDL uptake, CD36 and SRB1, by 48% and 21%, respectively. Both genes are known to contribute to the development of foam cells (Abumrad and Davidson, 2012 ), but CD36 is also known to be involved in This article has not been copyedited and formatted. The final version may differ from this version. hepatic inflammation (Li et al., 2012; Bieghs et al., 2012) .
Dysregulation of lipid metabolism is frequently associated with inflammatory conditions. Elevated circulating FFA may be directly cytotoxic to the liver by stimulating TNFα expression via a lysosomal pathway; activating mitogen-activated protein kinase cascades and oxidative stress (Feldstein et al., 2004; Malhi et al., 2006) . Thus, it was of interest to investigate the effect of 25HC3S on hepatic inflammatory response. Long-term treatments of 25HC3S significantly suppressed the mRNA expression of pro-inflammatory cytokines, TNFα, IL1α, and IL1β, by 47%, 48%, and 50%, respectively (Table. 2). The similar effect has been observed in the acute treatments of 25HC3S, where the mRNA expression of TNFα was decreased by 35% (Table. 1). These results are consistent with liver function assay that 25HC3S suppresses liver inflammatory responses and prevents liver damage (Figure 4E-F) .
Under condition of metabolic disorders, lipid accumulation in the liver is always associated with the development of insulin resistance. As reported, HFD feeding significantly elevated fasting glucose and insulin levels in mice compared with chow diet feeding (Li et al., 2010) . To study the effect of 25HC3S on glucose homeostasis and insulin sensitivity, glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed after long-term treatments of 25HC3S. As shown in Figure 6A , administration of 25HC3S significantly decreased fasting glucose levels and improved insulin sensitivity 
Discussion
The liver is a key metabolic organ in response to the imbalance of high-caloric diets, especially HFD, and it plays a central role in lipid homeostasis (Canbay et al., 2007) . Due to HFD consumption or obesity, plasma FFA levels are elevated, which induces intrahepatocellular accumulation of triglycerides and diacylglycerol and produces low-grade inflammation in liver through activation of NFκB, resulting in release of several proinflammatory cytokines, such as IL-6. Lipotoxicity induced by elevated FFA increases oxidative stress and causes insulin resistance in muscle, liver and endothelial cells. Excess FFA contributes to the accumulation of lipid droplets in hepatocytes, which becomes the hallmark of liver diseases such as dyslipidemia, NAFLD, hypertension and type 2 diabetes mellitus (Boden, 2006; Malhi and Gores, 2008) . The pathogenesis of NAFLD is complex, but the transcription factors of hepatic lipid and glucose homeostasis may be a key to treat NAFLD. As a key transcription factor regulating hepatic fatty acid and triglyceride synthesis, SREBP-1c activity modulation has been evaluated as a potential new treatment for NAFLD (Ahmed and Byrne, 2007; Vallim and Salter, 2010) .
LXRs are members of the nuclear receptor superfamily of ligand-activated transcriptional factors involved in the regulation of lipid metabolism and inflammatory process (Torocsik et al., 2009 ).
Administration of LXR agonist to mice induces a mild and transient hypertriglyceridemia and hepatic steatosis. The molecular mechanism for this is that LXRs activate triglyceride synthesis in liver directly and indirectly by inducing SREBP-1c expression (Chen et al., 2004; Okazaki et al., 2010) . In our previous studies, we identified a cholesterol metabolite, 25HC3S, in primary hepatocytes overexpressing StARD1 Ren et al., 2006) . When intracellular cholesterol levels are increased, StARD1 delivers cholesterol into mitochondria where regulatory oxysterols, such as 25HC, are synthesized by CYP27a1 Li et al., 2007) . These oxysterols can activate LXRα and This article has not been copyedited and formatted. The final version may differ from this version. then upregulate the expression of SREBP-1c, which induces hepatic lipogenesis (Ferber, 2000; Gill et al., 2008) . 25HC can further be sulfated in the cytoplasm by SULT2B1b to 25HC3S when delivery of cholesterol to the mitochondria is increased Li et al., 2007) . 25HC3S in turn inactivates LXRα, suppresses SREBP-1c expression, and subsequently decreases intracellular lipid levels (Ma et al., 2008; Ren et al., 2007; Xu et al., 2010) . In our recent report, in vivo, overexpression of SULT2B1b significantly increased 25HC3S formation in liver and lowered lipid levels in the serum and in the liver by inhibition of LXRα/SREBP-1c signaling pathway in mice fed with HFD. This was observed only in the presence of 25HC, but not in the absence of 25HC. The same effects were also observed in LDLR knockout mice, indicating that SULT2B1b reduced serum and hepatic lipid levels due to the suppression of lipid biosynthesis rather than clearance.
In the current study, we provide the first evidence for the effect of 25HC3S on HFD-induced NAFLD models in vivo. 25HC3S not only reduced HFD-induced lipid accumulation in serum and liver, but also suppressed HFD-induced hepatic inflammation and insulin resistance. Since several mechanisms could account for the protective effect of 25HC3S in this model, to seek an explanation, we analyzed the expression of different genes involved in fatty acid synthesis, fatty acid β-oxidation, triglyceride synthesis, cholesterol metabolism and lipid clearance. Interestingly, administration of 25HC3S to the mice significantly suppressed fatty acid synthesis by suppressing SREBP-1c, ACC1 and FAS expression, but led little effect on fatty acid β-oxidation (Tables 1, 2 ). As reported, HFD feeding markedly induces the expression of SREBP-1 in wild-type mice (Li et al., 2010) . Four SREBP-1c target genes, ACC1, FAS, GPAM and PLTP, have been identified following administration of LXR agonist, T0901317, to wild-type, LRLR-/-and LDLR-/-, SREBP-1c-/-mice (Okazaki et al., 2010) . Among these, the most likely candidate genes involved in fatty acid and triglyceride synthesis are ACC1, FAS This article has not been copyedited and formatted. The final version may differ from this version.
and GPAM. PLTP has been found to increase hepatic VLDL secretion (Jiang et al., 2001) . Together, HFD activates LXR/SREBP-1c signaling pathway and increases large VLDL particles via two processes.
One is the increase of triglyceride production by activation of fatty acid and triglyceride biosynthesis, and the other is the increase of triglyceride loading in VLDL particles by upregulation of PLTP to insert additional phospholipids into the particles (Okazaki et al., 2010) . Our current data in mice suggests that the reduction of serum triglyceride (Figure 1A) , especially in VLDL particles (Figure 1E) , by administration of 25HC3S may be due to both processes: the decrease of lipogenesis by suppression of ACC1, FAS and GPAM (Tables 1, 2) , as well as the decrease of VLDL particle assembly by suppression of PLTP ( Table 2) demonstrated a major contribution of pro-inflammatory cytokines, such as TNFα, IL-1 and IL-6, to the progression from steatosis to steatohepatitis (Neuschwander-Tetri, 2010; Tilg and Moschen, 2010) .
Levels of these pro-inflammatory cytokines correlate with the stage of fibrosis and with the NAFLD activity score in NASH (Manco et al., 2007) . In our previous report, 25HC3S significantly suppresses TNFα induced inflammatory response in HepG2 cells and LPS induced inflammatory response in THP-1 microphages (Xu et al., 2010; Xu et al., 2012) . Addition of 25HC3S to human macrophages markedly increased nuclear PPARγ, cytosol IκB, and decreased nuclear NFκB protein levels. 25HC3S
significantly increased PPARγ-luciferase report gene expression. The Ki for 25HC3S was ~1 μM similar to other PPARγ ligands in PPARγ-competitor assay suggesting this effect is via PPARγ/IκBα signaling pathway . In the present study, we also observed that administration of 25HC3S to the mice significantly suppressed hepatic mRNA expression of TNFα (Tables 1, 2 ) and IL-1α/β ( Table 2) . Subsequently, it reduced liver damage by the decrease of serum ALT and AST levels ( Figure 4E-F) . Interestingly, we didn't observe a significant increase in the mRNA expression of IκBα in liver by 25HC3S administration as we previously showed in vitro (Xu et al., 2010) .
Due to the excess FFA, the development of NAFLD and NASH not only causes ectopic fat accumulation in liver, but also raises insulin resistance in adipose tissue (Cusi, 2012; Samuel and Shulman, 2012) . Our preliminary studies suggest that the suppression of lipogenesis by 25HC3S administration in mice leads a decrease in ectopic lipid droplets accumulation in hepatocytes ( Figure 5 ).
Ultimately, it led to improved insulin signaling and reduced insulin resistance (Figure 6 ).
Dietary cholesterol such as HFD or high cholesterol diet induces hepatic cholesterol ester and triglyceride accumulation in liver tissues. The excess cholesterol will be metabolized to oxysterols This article has not been copyedited and formatted. The final version may differ from this version.
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Page 23 such as 25HC, 27HC and 24-(S), and in turn to activate LXR (Basciano et al., 2009) . These oxysterols may be surrogate markers of insulin resistance, and the high oxysterol levels in the circulation play an important role in the development of hepatic and peripheral insulin resistance followed by NAFLD (Ikegami et al., 2012 ). The present study shows that 25HC3S as a potent endogenous regulator has a beneficial effect on dyslipidemia and early stage of NAFLD, and oxysterol sulfation is another novel systematic regulatory pathway involved in regulating lipid and glucose homeostasis and inflammatory response. These results indicate that 25HC3S decreases lipogenesis by inhibiting the SREBP-1c signaling pathway in vivo. Oxysterol sulfation can be a key protective regulatory pathway against lipid accumulation and lipid-induced inflammation in liver (Cha and Kim, 2012; Polyzos et al., 2012) . There are 48 and 49 nuclear receptors identified in humans and mice, respectively, including classical steroid hormone receptors, orphan receptors and adopted orphan C57BL/6J female mice were fed with HFD, separated to two groups, and treated with either 25HC3S or vehicle once every three days for 6 weeks. During these 6 weeks, the total food intake (A) and the body weight were monitored (B). After 5 hours fasting, the liver weight was determined (C), the plasma alkaline phosphatase (ALK) (D), alanine aminotransferase (ALT) (E) and aspartate aminotransferase (AST) (F) were determined. All the values are expressed as mean ± SEM (n=10).
Statistical significance * p < 0.05 and ** p < 0.01 versus HFD-fed vehicle-treated mouse liver. .
